This article describes a method for voltage noise measurements with a sensitivity superior to that of conventional methods. This is obtained by resorting to an original three-channel amplifier configuration and by following a four-step measurement procedure. A comparative analysis of this method and the conventional cross-correlation technique is presented. SPICE simulations and noise measurements performed on a prototype circuit demonstrate the validity of the proposed approach.
I. INTRODUCTION
In recent years, the microelectronics industry is exploring a broad array of new materials ͑e.g., high-k dielectrics, metal-gate electrode, strained silicon, silicon-germanium͒ and architectures ͑e.g., multiple-gate field-effect transistors͒ for extending the performance of the next complementary metal-oxide semiconductor ͑CMOS͒ technology generations. [1] [2] [3] [4] [5] . Since noise measurement is a wellestablished tool for evaluating the reliability of semiconductor materials and devices, [6] [7] [8] a great interest has recently raised for such characterization technique. This renewed interest is proved by the large amount of scientific publications on noise measurements in CMOS devices with alternative materials and architectures. [9] [10] [11] [12] The task of realizing reliable noise measurements in modern submicrometer devices biased at low voltages is quite challenging due to their lower noise levels. As a consequence, noise measurement methods able to increase the sensitivity of the measurement system are strongly demanded. [13] [14] [15] [16] [17] [18] The most widely used high-sensitivity noise measurement method is the one based on the crosscorrelation technique, which allows the partial elimination of the noise introduced by the measurement amplifier. 13, 14 In previous works, we have proposed a novel noise measurement approach based on a four-channel amplifier configuration, which allows the enhancement of the sensitivity of the standard cross-correlation measurement technique. 17, 18 In this article we have proposed and experimentally validated an alternative approach for voltage noise measurements which allows us to obtain similar results by requiring only three amplifier channels, but at the cost of one additional measurement step.
The remainder of this work is organized as follows. Section II illustrates the cross-correlation method for voltage noise measurements and its limitations. In Sec. III, we propose a new method for voltage noise measurements which overcomes the limitations of the cross-correlation method. SPICE simulations and measurements validating the proposed method are presented in Sec. IV. In Sec. V the main results are summarized.
II. THE CROSS-CORRELATION METHOD AND ITS LIMITATIONS
A typical circuit configuration which allows the implementation of the cross-correlation method for voltage noise measurements is reported in Fig. 1 . In the virtual short circuit approximation the outputs of the amplifiers are 15 , the cross correlation between the two outputs can be obtained by evaluating the difference between the power spectral density ͑PSD͒ of the signal X A + X B and the PSD of the signal X A − X B and by dividing the result by 4. The sum and the difference between the two outputs are given by
Assuming that all op-amp noise sources are uncorrelated, their corresponding PSDs are
Thus, the cross correlation between the outputs of the two channels can be obtained as
where
reveals that through the conventional crosscorrelation method it is possible to completely eliminate the effects of
and E R2 B , but not the effects of I N2
A and I N2 B . These contributions can be quite relevant in the case of high-impedance DUT and/or in the case of op-amps with high equivalent input current noise ͑EICN͒ as in the case of bipolar input op-amps.
The inability of the cross-correlation method to eliminate the measurement amplifier EICN represents its main drawback and sets the limit to the maximum sensitivity which can be obtained by applying this method. In the next section we will propose a new noise measurement method able to overcome this limitation.
III. THE PROPOSED METHOD
The correlated noise contributions can be eliminated by means of the circuit configuration reported in Fig. 2 . The measurement procedure can be divided into four different steps. In the first step, the switches T1 and T2 are closed, while T3 is open. The circuit configuration in this case is identical of that of Fig. 1 ; thus we can evaluate the cross correlation between the outputs of the amplifiers A and B in the same manner,
In the second step, the switches T1 and T3 are closed, while T2 is open. The cross correlation between the outputs of amplifiers A and C is 
͑7͒
In the third step, the switches T2 and T3 are closed, while T1 is open. The cross correlation between the outputs of amplifiers B and C is
In the fourth step, all switches are closed and we can evaluate the cross correlation between two of any three outputs. In our example we have chosen to evaluate the cross correlation between the outputs of amplifiers A and B. Repeating the same procedure as in the case of the two channel cross correlation we obtain
Taking the sum and the difference,
the corresponding PSDs are
It follows that the cross correlation between the outputs of amplifiers A and B in the three-channel configuration is
Finally, we can obtain the PSD of the voltage noise generated by the DUT alone by taking the sum
Worth noting, the proposed method allows, at least in principle, the complete elimination of the noise introduced by the amplifiers used for the measurements. Interestingly, this result is obtained without requiring either the measurement of the DUT impedance or the estimation of the noise sources of the measurement amplifiers. Fig. 2 . The DUT consists of a 1 k⍀ resistor.
FIG. 3. A circuit prototype implementing the configuration presented in
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IV. EXPERIMENTAL VALIDATION
To verify the effectiveness of the proposed approach, SPICE simulations and noise measurements have been performed on the circuit shown in Fig. 3 . Each preamplifier channel has been implemented by an op-amp in noninverting configuration with gain equal to 101. A second gain stage, implemented by an op-amp in noninverting configuration with gain equal to 11, has been added for increasing the signal amplitude before the analog-to-digital conversion. We have chosen as DUT a resistor R DUT =1 k⍀ which presents a thermal noise of 4.1 nV/ ͱ Hz ͑or 1.66ϫ 10 −17 V 2 /Hz͒. In order to have meaningful measurements it is appropriate to take into consideration a case in which we have comparable levels for the noise produced by the DUT, for the noise due to the amplifier equivalent input voltage noise ͑EIVN͒, and for the noise due to the amplifier EICN. To obtain such a situation, we have chosen an OP27 low-noise amplifier, which is characterized by an EIVN of 3 nV/ ͱ Hz at 100 Hz and an EICN of 0.6 pA/ ͱ Hz at 100 Hz.
The results obtained by SPICE simulations and by measuring on a prototype circuit are reported in Figs. 4 and 5 , respectively. The simulated spectra and the measured spectra indicate that an accurate spectrum of the DUT thermal noise is extracted by employing the proposed procedure. In the case of SPICE simulations, as expected, the DUT PSD extracted by following the proposed four-step evaluation procedure perfectly coincides with the theoretical thermal noise for all the frequencies. In the case of noise measurements, the average error with respect to the expected DUT thermal noise in the bandwidth between f = 5 Hz and f = 50 Hz, where the effect of the EICN is up to 10 dB higher with respect to S DUT , is as low as 2.4%. The higher error observed at lower frequencies can be further reduced by increasing the measurement time interval. In our experiment, the acquisition time has been 2 h long for each of the first three steps and 3 h long for the last step. For measurement times of the order of a few hours, a high spectra reproducibility and no problem due to drift with temperature have been observed. For longer measurement times, the temperature drift could modify the low frequency portion of the spectra, thus requiring the use of a chamber with self-control of the temperature. Note that the simulated or measured cross spectrum obtained by connecting any couple of the three amplifiers, S AB , S AC , or S BC , is significantly higher with respect to the DUT spectrum, especially at lower frequencies, thus indicating that in our experimental conditions the conventional crosscorrelation technique fails to give an accurate estimation of the DUT voltage noise.
V. DISCUSSION
We have proposed an ultrasensitive method for voltage noise measurements based on a three-channel amplifier configuration and a four-step measurement procedure. This method allows, at least in principle, the complete elimination of the noise introduced by the amplifiers used for the measurements. This is accomplished by resorting to the conventional cross-correlation technique for the elimination of the contribution of the EIVN of the amplifiers and to a four-step measurement procedure using different amplifier configurations in order to subtract the contribution of the EICN of the amplifiers. For the application of the method one does not need either the estimation of the noise sources of the measurement amplifiers or the estimation of the DUT impedance. The proposed method has been validated through SPICE simulations and measurements on a prototype circuit. FIG. 4 . Simulated input referred cross spectra obtained by connecting the DUT to ͑a͒ the first couple of amplifiers, ͑b͒ the second couple of amplifiers, ͑c͒ the third couple of amplifiers, and ͑d͒ all three amplifiers. The extracted power spectrum of the voltage noise generated by the DUT is also reported.
FIG. 5. Measured input referred cross spectra obtained by connecting the DUT to ͑a͒ the first couple of amplifiers, ͑b͒ the second couple of amplifiers, ͑c͒ the third couple of amplifiers, and ͑d͒ all three amplifiers. The extracted power spectrum of the voltage noise generated by the DUT is also reported. Note that the PSDs corresponding to different couples of amplifier channels are quite different due to the sample-to-sample variability of the op-amp EICN. The peaks observed at higher frequencies are due to external interferences.
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